INTRODUCTION
============

The aging of human skin is caused by genetic and environmental factors. Among environmental factors, solar ultraviolet (UV) B (290--320 nm) and UVA irradiation (320--400 nm) are the main factors, causing atrophy of the skin, coarse wrinkles and leathery skin \[[@r1]--[@r3]\]. DNA photodamage and UV-generated reactive oxygen species (ROS) are the initial molecular events that lead to most of the typical histological and clinical manifestations of skin aging. \[[@r4]--[@r6]\]. Most DNA damage is repaired by functional repair systems in cells, once unrepairable and extensive DNA damage occurs, cells terminate proper division and enter a cell-senescent state \[[@r7]\]. Although numerous factors are involved in cellular senescence, the p53-p21 and p16^*CDKN2A*^ (p16)--phosphorylated retinoblastoma protein pathways are best documented in maintaining cellular senescence and growth arrest \[[@r8]\].

Long noncoding RNAs (lncRNAs), which are more than 200 nucleotides in length, have been shown to play crucial regulatory roles in numerous biological processes \[[@r9], [@r10]\]. The mechanisms of action of lncRNAs are multifactorial and largely dependent on the specific intracellular localization of the molecule \[[@r11]\]. MicroRNAs (miRNAs) are a class of short noncoding RNAs (\~22 nucleotides in length) \[[@r12], [@r13]\] that inhibit the expression of target genes by binding to the 3′ untranslated region (3′-UTR) of specific mRNA targets and hence degrade the mRNA or suppress translation \[[@r14]\]. In recent years, the "competitive endogenous RNA" (ceRNA) hypothesis has been proposed, and several studies have suggested the occurrence of interactions between lncRNAs and miRNAs \[[@r15]--[@r17]\], adding to the complexity of interactions between diverse RNA species. Despite rapidly rising interest in the expression and function of lncRNAs in cellular senescence \[[@r18]--[@r20]\], their potential implications in skin photoaging remain virtually unexplored.

In the previous study, we initially found that *RP11-670E13.6* was up-regulated in UVB-irradiated HDFs and delayed cellular senescence through the p16-pRB pathway \[[@r21]\]. In this study, we further investigated the functions and the regulatory mechanisms of *RP11-670E13.6* in HDFs. Our results provided important insights into the *RP11-670E13.6/miR-663a*/*CDK4* and *RP11-670E13.6/miR-663a*/ *CDK6* axis as ceRNA networks in UVB-induced cellular senescence. Moreover, we found that heterogeneous nuclear ribonucleoprotein H (hnRNPH) physically interacted with *RP11-670E13.6* and blocked its expression.

RESULTS
=======

UVB up-regulated *RP11-670E13.6* in a ROS-independent manner, and knockdown of *RP11-670E13.6* promoted cellular senescence
---------------------------------------------------------------------------------------------------------------------------

*RP11-670E13.6* is a lncRNA consisting of one exon of 348 bp and located upstream of the *TRIM25* gene locus in chromosome 17 ([Figure 1A](#f1){ref-type="fig"}). As shown in [Figure 1B](#f1){ref-type="fig"}, *RP11-670E13.6* expression was significantly elevated in UVB-irradiated HDFs over time and the greatest increase was at 24 h after UVB irradiation.

![**UVB up-regulated *RP11-670E13.6* levels, and knockdown of *RP11-670E13.6* promoted cellular senescence.** (**A**) Schematic diagram of the localization of *RP11-670E13.6*. (**B**) Expression of *RP11-670E13.6* in the UVB irradiation and control groups, as determined by qRT-PCR. Data are shown as the means ± standard errors of the means based on at least three independent experiments. (**C**) (**a**) UVB irradiation decreased the mean length of telomeres in HDFs at 24 h post-irradiation. (**b**) Knockdown of *RP11-670E13.6* decreased the mean length of telomeres in HDFs at 24 h post-irradiation. Data are shown as the means ± standard errors of the means based on at least three independent experiments. *P* values were determined by Student's *t*-tests. \**P* \< 0.05; \*\**P* \< 0.01; and \*\*\**P* \< 0.001.](aging-11-102159-g001){#f1}

In the previous study, we found that the ratio of senescent cells markedly increased following transfection with small-interfering RNA (siRNA) targeting *RP11-670E13.6* compared with that of the negative controls (NC) \[[@r21]\]. It has been postulated that telomere shortening played an important role in photoaging \[[@r22]\]. Senescence in primary HDFs can be triggered by telomere erosion \[[@r23]\]. In this study, relative quantitative real-time polymerase chain reaction analysis confirmed the β-galactosidase staining findings, showing that the mean telomere length decreased in *RP11-670E13.6* depleted HDFs at 24 h post-irradiation ([Figure 1C](#f1){ref-type="fig"}b). Moreover, the mean length of telomeres in UVB-irradiated HDFs decreased, suggesting that acute photodamage might contribute to early photoaging in human skin as a consequence of rapid telomere shortening ([Figure 1C](#f1){ref-type="fig"}a).

UV-induced ROS production is responsible for both clinical and biochemical manifestations of skin photoaging \[[@r24]\], and antioxidant enzymes, including catalase (CAT) and superoxide dismutase (SOD), are important for modulating ROS by scavenging free radicals in cells. To further investigate whether *RP11-670E13.6* expression was required for modulating ROS generation or vice versa, we pretreated cells with a ROS scavenger (N-acetyl-Lcysteine, \[NAC\], 10 mM) before detection of *RP11-670E13.6.* As anticipated, 40 mJ/cm^2^ UVB exposure significantly increased ROS generation, and NAC caused a reduction in UVB-induced ROS generation ([Supplementary Figure 1A](#SD2){ref-type="supplementary-material"}). However, NAC had no significant effect on UVB-induced up-regulation of *RP11-670E13.6* ([Supplementary Figure 1B](#SD2){ref-type="supplementary-material"}), neither generation of ROS nor SOD and CAT activity in UVB-irradiated HDFs were altered by *RP11-670E13.6* reduction ([Supplementary Figure 1C](#SD2){ref-type="supplementary-material"}--[1E](#SD2){ref-type="supplementary-material"}).

Knockdown of *RP11-670E13.6* induced DNA damage
-----------------------------------------------

To elucidate the molecular mechanisms through which *RP11-670E13.6* affected UVB-damaged HDFs, we performed expression profiling of HDFs transfected with *RP11-670E13.6* siRNA or siRNA NC using RNA-seq ([Supplementary Figure 2A](#SD2){ref-type="supplementary-material"}). Differentially expressed genes in *RP11-670E13.6* knockdown HDFs were significantly associated with specific gene ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. In *RP11-670E13.6*-delepted HDFs, significantly enriched GO terms included biological processes, such as DNA replication (*P* \< 4.9E-12), G~1~/S transition of the mitotic cell cycle (*P* \< 2.1E-08; [Figure 2A](#f2){ref-type="fig"}), nucleosome assembly (*P* \< 1.3E-07), chromatin organization (*P* \< 3.1E-07), and double-strand breaks (DSBs) repair via homologous recombination (*P* \< 1.9E-06). Molecular functions, such as protein binding (*P* \< 2.9E-06), helicase activity (*P* \< 2.7E-05), and DNA binding (*P* \< 3.9E-05) were also affected ([Supplementary Figure 2B](#SD2){ref-type="supplementary-material"}). Moreover, significantly enriched KEGG pathways included viral carcinogenesis (*P* \< 3.7E-10), DNA replication (*P* \< 3.8E-08), cell cycle (*P* \< 6.6E-08), and transcriptional misregulation in cancer (*P* \< 7.4E-07; [Figure 2B](#f2){ref-type="fig"}). These findings were consistent with our previous study that knockdown of *RP11-670E13.6* decreased HDFs proliferation and induced cell cycle arrest.

![***RP11-670E13.6* promoted DNA damage repair.** (**A**) Top significant biological processes for genes whose transcript levels were increased in *RP11-670E13.6*-depleted HDFs. (**B**) Top significant Kyoto Encyclopedia of Genes and Genomes pathways for genes whose transcript levels were increased in *RP11-670E13.6*-depleted HDFs. (**C**) Comet tail length was quantified at 24 h after 40 mJ/cm^2^ UVB irradiation. Representative images are shown. Data are shown as the means ± standard errors of the means. (**D**) Representative image of western blotting results for the effects of *RP11-670E13.6* on the expression of ATM protein in HDFs. (**E**) Relative expression of the indicated DNA damage-associated genes was determined by qRT-PCR in *RP11-670E13.6*-depleted HDFs and negative controls. Data are shown as the means ± standard errors of the means based on at least three independent experiments. (**F**) HDFs were mock treated or transfected with siRNA against *RP11-670E13.6*. Two days after transfection, the cells were UVB (40mJ/cm^2^) irradiated and analyzed for H2AX phosphorylation at the indicated time points by western blot. (**G**) HDFs were mock treated or transfected with siRNA against *RP11-670E13.6*. Two days after transfection, the cells were UVB (40mJ/cm2) irradiated and analyzed for H2AX phosphorylation at 24h post-irradiation by immunofluorescent staining. (**H**) Quantification of γH2A.X foci expressed as mean relative area per cell. Twenty nuclei from the HDFs transfected with *RP11-670E13.6* siRNA and control siRNA were examined. *P* values were determined by Student's *t*-tests. \**P* \< 0.05; \*\**P* \< 0.01; and \*\*\**P* \< 0.001.](aging-11-102159-g002){#f2}

Because the mRNA expressions of many genes involving in DNA replication and DSBs repair were significantly altered by *RP11-670E13.6* depletion, we further examined whether *RP11-670E13.6* played a role in the DNA damage response (DDR) in UVB irradiated HDFs. Comet assays revealed an increase in the tail length of HDFs at 24 h after 40 mJ/cm^2^ UVB exposure ([Figure 2C](#f2){ref-type="fig"}), suggesting that the UVB dose of 40 mJ/cm^2^ could induce DNA DSBs in HDFs. Moreover, our results showed that *RP11-670E13.6* depletion reduced the protein levels of ataxia telangiectasia mutated (ATM), which play a key role in UV damage signaling. ([Figure 2D](#f2){ref-type="fig"}) \[[@r25], [@r26]\]. However, mRNA levels of *ATM,* in addition to many other genes involved in the DDR were significantly up-regulated by *RP11-670E13.6* depletion ([Figure 2E](#f2){ref-type="fig"}). It is well known that DSBs formation at late time points after UV treatment activates ATM kinase activity, which then contributes to the increase of phosphorylation of Ser139 of histone H2A.X molecules (γH2A.X) \[[@r27]\]. Our results showed that the phosphorylation of H2A.X was also decreased by treatment with an siRNA targeting *RP11-670E13.6* in UVB-irradiated (40 J/m2) HDFs ([Figure 2F](#f2){ref-type="fig"}). Immunofluorescence microscopic analyses showed that γH2A.X foci were also decreased in the *RP11-670E13.6* depleted HDFs than in controls ([Figure 2G](#f2){ref-type="fig"}). The relative area of γH2A.X was significantly lesser in the *RP11-670E13.6*-depleted HDFs at 24 h after UVB irradiation than in control HDFs ([Figure 2H](#f2){ref-type="fig"}).

Cellular distribution of *RP11-670E13.6* in HDFs
------------------------------------------------

To further study the underlying mechanisms through which *RP11-670E13.6* regulated cellular senescence, we examined the cellular distribution of *RP11-670E13.6* in HDFs under physiological and UVB-irradiated conditions. In control cells (physiological conditions), fluorescence in situ hybridization (FISH) revealed *RP11-670E13.6* in the nucleus, whereas it was detected in the cytoplasm after UVB irradiation ([Figure 3A](#f3){ref-type="fig"}). By using cytoplasmic and nuclear RNA fractions from HDFs, we observed that *RP11-670E13.6* is expressed in relative abundance in the cytoplasm after UVB irradiation, which confirmed the results of FISH ([Figure 3B](#f3){ref-type="fig"}).

![***RP11-670E13.6* cellular localization.** (**A**) FISH images showing localization of RP11-670E13.6 in HDFs treated with or without UVB irradiation for 24 h. (**B**) Percentage of nuclear and cytoplasmic RNA levels of *RP11-670E13.6*, *U6* and *GAPDH* measured by qRT-PCR after subcellular fractionation in HDFs irradiated or not irradiated with UVB for 24 h. Data are shown as the means ± standard errors of the means based on at least three independent experiments. *P* values were determined by Student's *t*-tests. \**P* \< 0.05; \*\**P* \< 0.01; and \*\*\**P* \< 0.001. FISH, fluorescence in situ hybridization; 18S, probe for 18S rRNA; U6, probe for U6 snRNA.](aging-11-102159-g003){#f3}

As a newly described regulatory mechanism, a cytoplasmic lncRNA can act as a natural miRNA sponge, which interferes with miRNA pathways and reduces binding of endogenous miRNAs to target genes at the post-transcriptional level \[[@r28], [@r29]\]. Using an online bioinformatics website RNA22 version 2.0 (<https://cm.jefferson.edu/>), we identified a set of candidate miRNAs having putative binding sites with *RP11-670E13.6*. Incidentally, among them, we found several miRNAs also have putative binding sites with *CDK4*, *CDK6* and *CCND1.* As we found that knockdown of *RP11-670E13.6* decreased expression of Cdk4, Cdk6 and CyclinD1 \[[@r21]\], we speculated that *RP11-670E13.6* may affect Cdk4, Cdk6 and CyclinD1 expression via modulation of miRNAs in the cytoplasm of HDFs after UVB irradiation.

To test this hypothesis, several miRNA candidates that have putative binding sites with *CDK4*, *CDK6* and *CCND1* were selected to perform dual-luciferase reporter assays, and our data showed that *miR-663a* overexpression decreased the luciferase activity of the wild-type (WT) *RP11-670E13.6* reporter the most ([Supplementary Figure 3A](#SD2){ref-type="supplementary-material"}). Thus, we selected *miR-663a* to further investigate the association of *RP11-670E13.6* and *miR-663a* in UVB-induced cellular senescence.

*MiR-663a* promoted cellular senescence by targeting *CDK4* and *CDK6*
----------------------------------------------------------------------

To investigate the biological functions of *miR-663a* in cellular senescence upon UVB exposure, we explored the potential effects of *miR-663a* on proliferation, apoptosis and cell cycle progression. As shown in [Figure 4A](#f4){ref-type="fig"} and [Figure 4B](#f4){ref-type="fig"}, *miR-663a* mimic inhibited the proliferation and stimulated apoptosis of HDFs. Cell cycle analysis showed that treatment of *miR-663a* inhibitor drove progression beyond the G1/S transition in UVB-irradiated HDFs ([Figure 4C](#f4){ref-type="fig"}). To test whether *RP11-670E13.6* depletion caused defects in the G1-to-S transition by interacting with *miR-663a*, we cotransfection with *RP11-670E13.6* siRNA and miR-663a inhibitor in HDFs, and failed to observe G1/S arrest in *RP11-670E13.6* depleted HDFs ([Figure 4D](#f4){ref-type="fig"}).

![***miR-663a* promoted cellular senescence by targeting *CDK4* and *CDK6*.** (**A**) CCK-8 assays were used to detect the effect of *miR-663a* on HDF viability. Data are shown as the means ± standard errors of the means based on at least three independent experiments. (**B**) Flow cytometry depicted the percentages of apoptosis in HDFs transfected with miRNA mimics control and miR-663a mimics. (**C**) After miRNA inhibitor transfection for 48h, the cell cycle distribution of HDFs at 24 h post-UVB irradiation. (**D**) After cotransfection with siRNA and miRNA inhibitor for 48h, the cell cycle distribution of HDFs at 24 h post-UVB irradiation. (**E**) *miR-663a* negatively regulated the expression of *CDK4* and *CCND1*, but positively regulated *CDK6* at mRNA levels. (**F**) *miR-663a* negatively regulated the expression of Cdk4 and Cdk6 at protein levels, but had no effect on the expression of CyclinD1. (**G**) Putative binding site of *miR-663a* in the 3′-UTR of *CDK4* and the sites of target mutagenesis are indicated. Luciferase activity in HDFs, demonstrating the effects of *miR-663a* on the expression of its target gene *CDK4*. (**H**) Putative binding site of *miR-663a* in the 3′-UTR of *CDK6* and the sites of target mutagenesis are indicated. Luciferase activity in HDFs, demonstrating the effects of *miR-663a* on the expression of its target gene *CDK6*. Data are shown as the means ± standard errors of the means based on at least three independent experiments. *P* values were determined by Student's *t*-tests. \**P* \< 0.05; \*\**P* \< 0.01; and \*\*\**P* \< 0.001.](aging-11-102159-g004){#f4}

Next, we verified the predicted target regulation relationship between *CDK4/CDK6/CCND1* and *miR-663a* by quantitative reverse transcription polymerase chain reaction (qRT-PCR) and western blotting in HDFs. Consistent with the fluorescence-activated cell sorting data, the expression of G1/S phase checkpoint proteins such as Cdk4 and Cdk6 were down-regulated in cells with *miR-663a* overexpression ([Figure 4F](#f4){ref-type="fig"}). Moreover, *miR-663a* inhibited the expression of *CDK4* mRNA, whereas increased the *CDK6* mRNA levels ([Figure 4E](#f4){ref-type="fig"}). In addition, our results showed that *miR-663a* had no effect on CyclinD1 expression, though it decreased *CCND1* mRNA expression ([Figure 4F](#f4){ref-type="fig"}).

To further investigate whether the suppression of Cdk4 and Cdk6 occurred via the potential interactions at putative *miR-663a*-binding sites, we generated different mutants (MUTs) and found out that *miR-663a* overexpression significantly decreased luciferase activities of the *CDK4* and *CDK6* WT reporters, but did not affect that of the mutant reporters ([Figure 4G](#f4){ref-type="fig"}, [Figure 4H](#f4){ref-type="fig"}), indicating that *miR-663a* directly bound to the 3′-UTR of *CDK4* and *CDK6* mRNA. Additionally, *miR-663a* overexpression significantly decreased luciferase activities both of the *CCND1* WT and MUT reporters, indicating that *CCND1* was not a direct target of *miR-663a* ([Supplementary Figure 3B](#SD2){ref-type="supplementary-material"}).

*RP11-670E13.6* acted as sponge for *miR-663a*
----------------------------------------------

To further study the relationship between *RP11-670E13.6* and *miR-663a,* we found that *miR-663a* overexpression inhibited *RP11-670E13.6* expression by approximately 42% ([Figure 5A](#f5){ref-type="fig"}), whereas *RP11-670E13.6* knockdown increased *miR-663a* expression ([Figure 5B](#f5){ref-type="fig"}). In our next experiment, luciferase reporter constructs were generated ([Figure 5C](#f5){ref-type="fig"}), and dual-luciferase assays showed a significant decrease in luciferase activities after cotransfection with *miR-663a* mimic and the WT *RP11-670E13.6* expression vector, but not a MUT *RP11-670E13.6* expression vector ([Figure 5D](#f5){ref-type="fig"}), indicating that *miR-663a* bound directly to *RP11-670E13.6* and that the binding sites were vital for reciprocal repression of *RP11-670E13.6* and *miR-663a*. Thus, these data indicated that *RP11-670E13.6* acted as an endogenous "sponge" by binding *miR-663a*, which abolished the repressive effects of *miR-663a* on the Cdk4 and Cdk6 expression.

![**Reciprocal repression of *RP11-670E13.6* and *miR-663a*.** (**A**) *miR-663a* negatively regulated the expression of its target gene *RP11-670E13.6*. (**B**) *RP11-670E13.6* negatively regulated the expression of *miR-663a*. (**C**) Putative binding site of *miR-663a* in *RP11-670E13.6* and the site of target mutagenesis are indicated. (**D**) Luciferase activity in HDFs, demonstrating the effects of *miR-663a* on the expression of its target gene *RP11-670E13.6*. Data are shown as the means ± standard errors of the means based on at least three independent experiments. *P* values were determined by Student's *t*-tests. \**P* \< 0.05; \*\**P* \< 0.01; and \*\*\**P* \< 0.001.](aging-11-102159-g005){#f5}

hnRNPH directly bound to and suppressed *RP11-670E13.6* expression
------------------------------------------------------------------

RNA-binding proteins (RBPs) that function as alternative splicing regulators bind to pre-mRNA *cis*-acting elements and can promote or repress spliceosome formation and regulate alternative splice site usage in the mature transcript \[[@r30]\]. To identify RBPs associated with *RP11-670E13.6* production, we used affinity pulldown analysis, mass spectrometry, and immunoblotting and revealed a direct interaction between *RP11-670E13.6* and hnRNPF/H ([Figure 6A](#f6){ref-type="fig"}), which was further confirmed by RNA immunoprecipitation (RIP) assays ([Figure 6B](#f6){ref-type="fig"}). Moreover, silencing of *HNRNPH* up-regulated *RP11-670E13.6* ([Figure 6D](#f6){ref-type="fig"}), whereas *HNRNPF* had no effect on its expression ([Figure 6C](#f6){ref-type="fig"}, [6F](#f6){ref-type="fig"}), suggesting *RP11-670E13.6* is a target of hnRNPH but not hnRNPF. Furthermore, we found that silencing of *HNRNPH* increased *HNRNPF* mRNA but decreased hnRNPF protein ([Figure 6D](#f6){ref-type="fig"}, [6E](#f6){ref-type="fig"}), and vice versa ([Figure 6F](#f6){ref-type="fig"}, [6G](#f6){ref-type="fig"}). As shown in [Figure 6H](#f6){ref-type="fig"} and [Figure 6I](#f6){ref-type="fig"}, UVB irradiation reduced hnRNPH expression at both the mRNA and protein levels, however, knockdown of *RP11-670E13.6* did not affect hnRNPH, suggesting *RP11-670E13.6* may be a downstream target of hnRNPH. Additionally, we found that silencing of *HNRNPH* promoted HDFs proliferation ([Figure 6J](#f6){ref-type="fig"}), consistent with the biological functions of increased *RP11-670E13.6*.

![**hnRNPH directly bound to *RP11-670E13.6* and repressed its expression.** (**A**) Pull down results of RP11-670E13.6 by silver staining (**a**) and western blot analysis (**b**) demonstrated the possible interactions between *RP11-670E13.6* and hnRNPF/H. (**B**) RIP assays demonstrating the enrichment of hnRNPF/H on *RP11-670E13.6* transcripts relative to IgG in HDFs. (**C**) Knockdown of both hnRNPH and hnRNPF had no effect on the expression of *RP11-670E13.6*. (**D**) Effects of *HNRNPH1* siRNA on the expression of *RP11-670E13.6* and hnRNPF. (**E**) Effects of *HNRNPF* siRNA on the expression of *RP11-670E13.6* and hnRNPH. (**F**) The mRNA expression levels of *HNRNPH1*. (**G**) HnRNPH/F expression levels of HDFs treated with *RP11-670E13.6* siRNA and UVB irradiation. (**H**) The mRNA expression levels of *HNRNPH1*. (**I**) hnRNP H/F expression levels of HDFs treated with UVB irradiation(40mJ/cm^2^). (**J**) CCK-8 assays were used to detect the effects of *HNRNPH1* on HDFs viability. Data are shown as the means ± standard errors of the means based on at least three independent experiments. *P* values were determined by Student's *t*-tests. \**P* \< 0.05; \*\**P* \< 0.01; and \*\*\**P* \< 0.001.](aging-11-102159-g006){#f6}

DISCUSSION
==========

In the current study, we demonstrated that the lncRNA *RP11-670E13.6*, interacted with hnRNPH, delayed cellular senescence by facilitating DNA damage repair and increasing Cdk4 and Cdk6 levels in UVB damaged HDFs ([Figure 7](#f7){ref-type="fig"}). Briefly, hnRNPH suppressed expression of *RP11-670E13.6* under physiological conditions. When UVB irradiation down-regulated hnRNPH, *RP11-670E13.6* expression was significantly increased in a ROS-independent manner and facilitating DNA damage repair by increasing the kinase activity of ATM and the phosphorylation of histone H2A.X molecules. Moreover, upon UVB irradiation, *RP11-670E13.6* translocated from the nucleus to the cytoplasm. In the cytoplasm, *RP11-670E13.6* functioned as an endogenous "sponge" by binding to *miR-663a*, abolishing the repressive activities of *miR-663a* on Cdk4 and Cdk6, and thereby delaying UVB-induced cellular senescence.

![**Schematic diagram of the hypothesis that lncRNA *RP11-670E13.6* delayed UVB induced cellular senescence by facilitating DNA damage repair and competing for *miR-663a* to up-regulate Cdk4 and Cdk6 expression in HDFs.**](aging-11-102159-g007){#f7}

Telomere length is a molecular marker of cell aging, and genomic instability due to telomere shortening has been linked to aging-related diseases \[[@r31]\]. Recent studies have suggested that intrinsic aging and photoaging share a common pathway involving telomere-generated signaling that is responsible for most clinical manifestations of skin \[[@r32]\]. In this study, we found that knocked down *RP11-670E13.6* decreased mean telomere length in UVB irradiated HDFs, indicating that *RP11-670E13.6* delayed UVB-induced cellular senescence. It is well known that cells undergo senescence in response to severely damaged DNA \[[@r33], [@r34]\]. The DNA damage repair is characterized by the activation of ATM and ATR \[[@r35]\], which are recruited to the site of damage and lead to phosphorylation of histone H2A.X. Phosphorylated H2AX can be visualized as foci by immunofluorescence using phospho-specific antibodies \[[@r36]\]. H2AX foci colocalize with foci of other proteins, including NBS1, 53BP1, MDC1, and BRCA1 \[[@r36]--[@r38]\]. Although the initial recruitment of these proteins appears to be γ-H2AX independent, their retention as foci at longer times post-irradiation does not occur in cells lacking H2AX, leading to the suggestion that γ-H2AX plays a critical role in the retention of repair factors at the sites of DSBs \[[@r39], [@r40]\]. One study examining ATM knockout cell lines concluded that IR-induced γ-H2AX foci formation is ATM dependent \[[@r41]\]. In our study, *RP11-670E13.6* depletion inhibited the kinase activity of ATM, which decreased the phosphorylation of H2A.X, leading to the DNA damage in UVB-irradiated HDFs not been repaired, and then inducing cellular senescence. Taken together, our results suggest that *RP11-670E13.6* may promote DNA damage repair by increasing ATM and γH2A.X expression in UVB irradiated HDFs, and thereby delaying cellular senescence.

Using bioinformatics analysis, we found that *miR-663a* formed complementary base pairing with *CDK4, CDK6* and *RP11-670E13.6*, and luciferase reporter assays confirmed that these molecules were direct targets of *miR-663a*. It has been described that *miR-663a* inhibited cell proliferation and invasion by targeting JunD in human non-small cell lung cells and *miR-663* may regulate the proliferation of fibroblasts in hypertrophic scar \[[@r42], [@r43]\]. In this study, cell cycle analysis and cell proliferation activity analysis showed that *miR-663a* inhibited cell growth and induced cell cycle arrest. Moreover, our experiments revealed that overexpression of *miR-663a* repressed Cdk4 and Cdk6 by targeting the 3′-UTR of *CDK4* and *CDK6*. We have revealed that *RP11-670E13.6* depletion may cause defects in the G1-to-S transition previously. Here, we showed that *RP11-670E13.6* depletion could not inhibited G1-S transition after transfection with*miR-663a* inhibitor in HDFs, suggesting that *RP11-670E13.6* may up-regulate Cdk4 and Cdk6 expression by interacted with *miR-663a*. Furthermore, we have observed a negative regulation between *RP11-670E13.6* and *miR-663a*, providing evidence to the reciprocal repression of *RP11-670E13.6* and *miR-663a*. Here, we only discussed the function that *miR-663a* was targeted by *RP11-670E13.6*, and *miR-663a* targeted *RP11-670E13.6* was remain to be explored.

It is known that miRNAs negatively regulate gene expression at the post-transcriptional level, mainly via binding to the 3′- UTR of the target gene. The binding of the miRNA with target mRNA may lead to blockage of protein translation as well as reduced mRNA stability, and the latter seems to be the predominant mechanism in miRNA-dependent gene repression \[[@r44]\]. We showed that *miR-663a* overexpression decreased *CDK4* mRNA level and increased *CDK6* level, indicating that *miR-663a* may inhibit the expression of Cdk4 and Cdk6 by degrading the *CDK4* mRNA and suppressing Cdk6 protein translation. The activities and functions of lncRNAs are thought to depend on their subcellular distribution \[[@r45]\]. Herein, we observed that *RP11-670E13.6* was localized in the nucleus under physiological condition, but almost exclusively in the cytoplasm following UVB irradiation, therefore, its function as a ceRNA could be attributed to its cytoplasmic localization. However, its roles in the nuclear compartment were not investigated herein. Nuclear biogenesis of *RP11-670E13.6* may explain its localization in the nucleus, although we speculate that nuclear processes, such as transcription or epigenetic regulation, could be involved, similar to other previously described lncRNAs \[[@r46]--[@r48]\].

In vitro, cellular senescence happens in 2 steps: cell cycle arrest followed, or sometimes preceded, by gerogenic conversion (geroconversion). Geroconversion is a form of growth, a futile growth during cell cycle arrest. It converts reversible arrest to irreversible senescence, which is driven in part by the growth-promoting mTOR pathway \[[@r49]--[@r51]\]. It is known that telomere erosion promotes DNA damage responsive signals, thereby causing irreversible cell-cycle arrest \[[@r52]\]. In our study, knocked down *RP11-670E13.6* decreased mean telomere length and induced serious DNA damage in UVB-irradiated HDFs, suggesting *RP11-670E13.6* depletion induce an irreversible state of cell-cycle. Moreover, in UV-treated cells, mTOR remained fully active \[[@r53]\]. Thus, we considered that knocked down *RP11-670E13.6* promote cellular senescence partly by inducing cell cycle arrest in UVB-irradiated HDFs.

An important aspect of our findings concerns hnRNPH. Our results showed that hnRNPH directly bound to and suppressed *RP11-670E13.6* expression. Although hnRNPH-dependent regulation of splicing was linked to the closely related protein hnRNPF \[[@r54]\], we found that silencing of *HNRNPF* had no effect on *RP11-670E13.6* expression. Moreover, our data showed that hnRNPH protein were downregulated in UVB-irradiated HDFs compared with that in non-irradiated cells, and ectopic low expression of *HNRNPH* increased the relative levels of *RP11-670E13.6* and promoted HDFs proliferation, consistent with our previous report demonstrating that knockdown of *RP11-670E13.6* inhibited cell proliferation \[[@r21]\]. Thus, we identified hnRNPH as a factor that repressed HDFs proliferation at least in part by inhibiting the production of *RP11-670E13.6*, although other RNA targets of hnRNPH almost certainly also contributed to preventing cell proliferation.

In summary, we propose a mechanism through which lncRNA *RP11-670E13.6* delayed cellular senescence by facilitating DNA damage repair and competing for *miR-663a* to up-regulate Cdk4 and Cdk6 expression in UVB damaged HDFs. Moreover, we presented strong evidence that hnRNPH physically interacted with *RP11-670E13.6* and blocked its expression.

MATERIALS AND METHODS
=====================

Cell culture and UV irradiation
-------------------------------

293T cells were purchased from the Cell Bank of the Chinese Academy of Science (Shanghai, China). Primary HDFs were cultured from normal human foreskin specimens obtained from circumcision surgery in our clinic and cultured in Dulbecco's modified Eagle's medium (HyClone, Logan, UT, USA) supplemented with 10% fetal bovine serum (Gibco BRL, Grand Island, NY, USA) and 1% penicillin/streptomycin (HyClone) at 37°C in the presence of 5% CO~2~. HDFs were used from passages 3 to 8 in all experiments. Each experiment was repeated in HDFs at least from three different individuals. UVB irradiations were performed using a Waldmann UV 208T lamp (Herbert Waldmann GmbH & Co, Villingen-Schwenningen, Germany) with a peak emission wavelength of 313 nm as previously reported \[[@r21]\].

RNA- seq
--------

Sequencing was performed at Shanghai KangChen Bio-tech, and RNA-seq data were aligned to the reference genome (human assembly GRCh37/hg19) using Tophat2 (<http://ccb.jhu.edu/software/tophat>). HTSeq (<http://www-huber.embl.de/HTSeq>) was then applied on the aligned data set to determine differentially expressed genes with a "significant" status. GO and KEGG analyses of differentially expressed genes were performed using DAVID (<https://david.ncifcrf.gov/>).

Cell treatments and other techniques
------------------------------------

Detailed protocols describing cell treatments and other experimental techniques are presented in the [Supplementary Materials](#SD1){ref-type="supplementary-material"}.

Statistical analysis
--------------------

All data are expressed as means ± standard errors of at least three independent experiments. All statistical analyses were carried out using GraphPad Prism 5 Software. Differences between groups were analyzed using Student's *t*-tests. In cases of multiple-group testing, one-way analysis of variance was conducted. Differences with *P* values of less than 0.05 were considered statistically significant.
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